The cerebellum is important for perceptual and motor timing in the mature brain, but the timing function of the cerebellum in the immature brain is less well understood. We investigated timing in children with spina bi®da meningomyelocele (SB), a neural tube defect that involves cerebellar dysgenesis, and in age-matched controls. Speci®cally, we studied perceptual timing (judgements of 400 ms duration) and motor timing (isochronous motor tapping); measured cerebellar volumes; and related perceptual and motor timing to each other and to cerebellar volume measurements. Children with SB had impairments in the perception of duration (around 400 ms) but not frequency (around 3000 Hz), showing that their perceptual timing de®cit was not a generalized auditory impairment. Children with SB had motor timing de®cits on unpaced but not paced isochronous tapping, and their unpaced timing performance was associated with clock variance rather than with motor implementation. Perceptual and motor timing were correlated, suggesting that children with SB have impairments in a central timing mechanism. Children with SB, especially those with upper spinal cord lesions, had signi®cant cerebellar volume reductions in grey and white matter, as well as different regional patterns of grey matter, white matter and CSF. Duration perception was correlated with cerebellar volumes, and the number of valid tapping trials was correlated with cerebellar volumes in the SB group, which data demonstrate structure±function relations between timing and cerebellar volumes.
Summary
The cerebellum is important for perceptual and motor timing in the mature brain, but the timing function of the cerebellum in the immature brain is less well understood. We investigated timing in children with spina bi®da meningomyelocele (SB), a neural tube defect that involves cerebellar dysgenesis, and in age-matched controls. Speci®cally, we studied perceptual timing (judgements of 400 ms duration) and motor timing (isochronous motor tapping); measured cerebellar volumes; and related perceptual and motor timing to each other and to cerebellar volume measurements. Children with SB had impairments in the perception of duration (around 400 ms) but not frequency (around 3000 Hz), showing that their perceptual timing de®cit was not a generalized auditory impairment. Children with SB had motor timing de®cits on unpaced but not paced isochronous tapping, and their unpaced timing performance was associated with clock variance rather than with motor implementation. Perceptual and motor timing were correlated, suggesting that children with SB have impairments in a central timing mechanism. Children with SB, especially those with upper spinal cord lesions, had signi®cant cerebellar volume reductions in grey and white matter, as well as different regional patterns of grey matter, white matter and
Introduction
Timing mechanisms are involved in motor control and movement co-ordination (Ivry, 1996; Mangels et al., 1998; Mauk et al., 2000; Ivry and Richardson, 2002) . The role of the cerebellum in timing has been well established, from observations that cerebellar lesions impair the rhythmic composition of movement (Holmes, 1922) to current views about the role of the cerebellum as an adaptive, self-tuning controller important for the processing of time-varying signals (Massaquoi and Topka, 2002) .
The cerebellum is activated during time discrimination tasks (Rao et al., 2001) . Increased functional cerebellar activation is observed during paced ®nger tapping, a shortBrain ã Guarantors of Brain 2004; all rights reserved duration time production task (Rao et al., 1997; Penhune et al., 1998; Jancke et al., 2000) . Virtual lesions of the cerebellum by means of repetitive transcranial magnetic stimulation produce increased variability in paced ®nger tapping (The Âoret et al., 2001) .
Adults with cerebellar lesions provide evidence for a cerebellar role in both perceptual and motor timing. They show inappropriate timing in rapid limb movements, increased variability during repetitive ®nger tapping, and impaired performance on perceptual tasks requiring precise timing of short (half-second) intervals (Ivry and Keele, 1989; Nichelli et al., 1996; Ivry et al., 1988; Mangels et al., 1998) .
The timing function of the cerebellum in the immature brain is less well understood. Developmental disorders of the cerebellum produce de®cits in short-duration timing. Children with ataxia±telangiectasia, an autosomal recessive disorder with diffuse degeneration of the cerebellar cortex, are impaired in judging duration, although not pitch (Mostofsky et al., 2000) . Adult survivors of childhood cerebellar tumours show impairments in perception of short duration (around 400 ms), although they can make judgements about frequency and can estimate long time intervals (Hetherington et al., 2000) .
How congenital malformations of the cerebellum affect perceptual and motor timing has not been investigated, and spina bi®da meningomyelocele (SB) is a condition in which this issue may be explored. SB involves dysraphism of the spinal cord, with a loss of sensory and motor function below the level of the spinal lesion, and profound disturbances of brain development that include abnormal formation and maturation of the cerebellum, midbrain, corpus callosum, and posterior cortex and white matter (Fletcher et al., , 2000 . Most children with SB develop hydrocephalus, which involves enlarged cerebral ventricles and produces a range of primary and secondary effects on the brain (del Bigio, 1993; Fletcher et al., 2000) .
Cerebellar dysmorphology and hypoplasia are prominent parts of the neuropathology of SB (Barkovich, 1995) . The Arnold±Chiari II malformation, the de®ning pathology in SB, involves a small posterior fossa in which cerebellar development is restricted, the cerebellar hemispheres are reduced, the vermis is pushed upwards, and the cerebellar tonsils and occonuclear lobe are herniated downwards through the exits of the fourth ventricle.
The general objective of the present study was to investigate timing in children with SB in relation to the extent of cerebellar volume, which is a measure of developmental cerebellar dysmorphology. Speci®cally, we aimed to study perception of short durations and production of isochronous motor tapping in children and adolescents with SB and in age-matched controls; to measure cerebellar volumes; and to relate perceptual and motor timing to each other and to cerebellar volume measurements.
Methods

Participants
Participants were 140 children and adolescents between 8 and 19 years of age. One group (n = 103) had been diagnosed with SB at birth and had been treated with a shunt shortly thereafter. Twentyeight of those children had no shunt revision, 34 had one revision, 28 had two to four revisions, 12 had ®ve to nine revisions, and one child had 14 shunt revisions. The other group comprised typically developing, age-matched controls (n = 37). All participants had estimated intelligence quotient (IQ) scores within two standard deviations of the population mean of 100; that is, they had one or more IQ scores of b70 on the Verbal Reasoning and/or Abstract/ Visual Reasoning subtests of the Stanford Binet Test of IntelligenceÐRevised (Thorndike et al., 1986) . In our sample, children with SB had lower average IQs than controls [t(1,138) = 8.59, P < 0.001; group mean T SEM, control, 108.4 T 1.64; SB, 88.3 T 1.27], although each group IQ was within the normal range (i.e. within T 1 SD of the population mean). The sample included 103 Caucasian, 22 Hispanic, six Asian, ®ve African American and four other children. Individuals were excluded from participation if they had neurological disorders unrelated to SB, a severe psychiatric disorder that precluded adequate cooperation (autism, psychosis, oppositional±de®ant disorder), uncontrolled seizure disorder, uncorrected sensory disorder, or inability to control the upper limbs. The exclusions were ascertained by Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition questionnaires completed by the parents (SNAP-IV; Swanson, 1992) , including a Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition checklist for autism and pervasive developmental disorders, a medical history chart review by a research nurse, and observations of the child's behaviour when evaluated. Participants in each group were recruited from clinics around two sites, The Hospital for Sick Children in Toronto (n = 79) and the University of TexasÐHouston Medical School in Houston (n = 61). Participants and their families gave informed assent/consent in accordance with the guidelines of the research ethics boards at the two sites.
Individuals with SB have lesions at various levels of the spinal cord, which provides a source of principled, within-group variability. The level of spinal lesion is related to a mutation in methylenetetrahydrofolate reductase, the enzyme that regulates folate-dependent remethylation of homocysteine (van der Put et al., 2001) . The incidence of the methylenetetrahydrofolate reductase mutation is higher in mothers of children with upper spinal lesions than in typically developing controls and in mothers of children with lower spinal lesions (Volcik et al., 2001) . To explore one source of biological variability, participants with SB were divided into upper spinal lesion (T12 and higher; n = 25) and lower spinal lesion (L1 and lower; n = 78) groups, according to current taxonomies (Park et al., 1992) .
Materials
Auditory stimuli were administered using an IBM-compatible personal computer, and SonyÔ Dynamic Stereo Headphones MDR-V100. Tones were generated with a Creative Technology Ltd CT4170 sound card. Stimuli were presented at a level of 70 dBA at the headphone cup. For each trial in the frequency and duration tasks, participants responded by pressing the left or right mouse button. For each trial in the tapping task, they responded by tapping a 3 cm long plastic lever covering a microswitch connected to the computer. Tasks were coded and scored in Delphi.
Cerebellar tasks Perceptual timing: duration and frequency discrimination
The duration and frequency perception tasks were presented as similar two-alternative, forced-choice trials. Each trial in the duration perception task consisted of two intervals de®ned by 50 ms, 1000 Hz boundary tones at the beginning and end of each interval, and separated by an empty interval of 1000 ms. The target duration was 400 ms, and the foil duration was always longer. Order of target and foil durations was randomly determined at each trial. On each trial, participants were required to press the left mouse button if they judged the ®rst trial to be longer and the right button if they judged the second trial to be longer. Working memory demands for the task were minimized with on-screen cues in the form of coloured, numbered boxes mapping the trials to the left±right mouse buttons, and¯ashes to register participant responses. Feedback about performance was not given. The intertrial interval was 1500 ms. An up±down transformed-response adaptive procedure (Wetherill and Levitt, 1965 ) was used to track 80% response accuracy. The foil duration was adjusted up or down in 8 ms increments depending on the accuracy of the previous response. The procedure stopped after six reversals of direction, and the last ®ve reversal values were averaged to produce the estimate of the discrimination threshold. The frequency perception task followed a similar procedure. In each frequency trial, the target frequency was 3000 Hz, the foil tone always being higher. Participants heard two 400 ms tones separated by an empty interval of 1000 ms, and judged whether the ®rst or second tone was higher. The foil duration was adjusted in 1 Hz steps depending on the accuracy of the response. Parameters were set based on pilot studies and Monte Carlo simulations to minimize the number of trials to convergence and overall run time while optimizing performance.
The measures of interest were the estimates of the difference from the target duration and frequency that could be discriminated with 80% accuracy.
Motor timing
Motor timing was measured with an isochronous rhythmic ®nger-tapping paradigm that required participants to tap along with a series of computer-generated tones, and then to continue tapping without being paced by the computer tone. They listened to a series of isochronous tones and began tapping in synchrony with the computer tone at will, and then continued tapping, attempting to maintain the same intertap interval after the computer tone ceased. Each trial consisted of 10 paced taps, followed by at least 30 unpaced taps. A valid trial was one that had 30 consecutive unpaced taps with an intertap interval not more than 25% above or below the mean paced value for that trial. Hand order was counterbalanced across subjects. The testing session was discontinued after 12 valid trials or after six invalid trials with each hand.
The outcome of interest was the variance of the intertap interval for the unpaced portion of each trial. Variability in isochronous rhythmic tapping can be decomposed into two components: a motor implementation component, involving the initiation and termination of the response, and a central or clock component (Wing and Kristofferson, 1973) . Unpaced motor variance was computed using the lag 1 serial covariance and unpaced clock variance was de®ned as the difference between total variance and motor variance.
Brain imaging procedures
One hundred and sixteen children (89 with SB, 27 controls) had structural MRI brain scans. Of these, 68 (54 with SB, 16 controls) had scans that were quantitatively segmented; scans that were not segmented either had artefacts or had not been processed at the time of the study. The qualitative features of the scans were coded by two radiologists.
Image acquisition
Three sets of images were acquired, including a T1-weighted coronal series for assessment of white and grey matter and a T2-weighted coronal series for assessment of CSF. To co-register and position-normalize the scans, external ®ducial markers were placed on the nasion and external meatus. An initial series (spin echo T1-weighted sagittal localizer, FOV 24, TR 500, TE14, 256 Q 192 matrix, 3 mm skip 0.3, two repetitions) was used for anatomical landmark identi®cation. One whole-brain coronal series consisted of fast spin-echo proton density and heavily T2-weighted images (FOV20, TR 4000, TE1 15, TE2 112, 256 Q 192 matrix, with two repetitions). This series was obtained in contiguous 1.5 mm slices across the whole brain. Another whole-brain coronal series consisted of a 3D SPGR (3D-spoiled grass) gradient echo contiguous 1.5 mm coronal series (TR21, TE4,¯ip angle 35°, 124 locations, 256 Q 192 matrix, one repetition).
Image preprocessing
Prior to tissue segmentation, each slice series was stored in a singlevolume ®le and the pixel greyscale limits were expanded by increasing the gain within the 0±255 (byte data) range. Each sequence volume was then reformatted so that voxel dimensions were isotropic. The T1-and T2-weighted reformatted volumes were aligned with each other through the use of the ®ducial markers. Rigid-body translation and rotation routines programmed in IDL software were used for the realignment procedure itself, which was manually and visually checked at each step. Each volume was placed within a 256 cubic voxel bounding box with the ®ducial marker cross-point placed at the centre of the volume. The two reformatted and aligned volumes were ®ltered using a non-linear anisotropic diffusion ®lter, which increased the overall signal-to-noise ratio of each volume an average of 100% (Gerig et al., 1992) . This automated non-linear ®lter served to sharpen areas of high intensity gradient (boundaries) and to smooth regions of low-intensity gradient within the tissue borders. Finally, a separate interactive C program operating on the T2-weighted, reformatted, aligned and ®ltered volume was used to separate the cerebellum using a combination of interactive intensity thresholding and manual delineation. The cerebellum was then ®lled automatically to its borders, thereby de®ning an image mask, the masking process being performed on a slice-by-slice basis. Cerebellum volume measures were computed automatically following mask generation.
Automatic segmentation
The method used a fully automated fuzzy cluster analysis (Pao, 1989 ) that obtained whole brain and regional brain tissue and CSF volumes (Brandt et al., 1992 (Brandt et al., , 1994 . The T1-weighted scan volume, which provides superior white±grey contrast compared with the T2-weighted scan, was used to obtain white and grey matter tissue volumes. The T2-weighted scan was fuzzy clustered separately from the T1-weighted scan to extract CSF volumes, and this was used to adjust the white and grey matter volume measures obtained from the T1-weighted volume.
Derived measures
Solution images were derived from the ®nal computed fuzzy cluster membership values for each voxel, which could then be viewed graphically on screen and compared with the actual scan images. Separate tissue volumes (white matter, grey matter, CSF) were obtained for the whole cerebellum, medial cerebellum and lateral cerebellum.
The cerebellums of individuals with SB are highly dysmorphic, which makes it dif®cult to reliably visualize multiple landmarks and thence to estimate regional cerebellar volumes. We therefore developed an algorithm to estimate volumes that would roughly correspond to medial and lateral cerebellar regions. We identi®ed the midsagittal cerebellum slice from the coronal series and identi®ed the primary ®ssures to the left and right of the middle cerebellar slice in MRI scans from typically developing children. We found that the vermis represented on average 11% of the total cerebellum, and we used this estimate to de®ne a medial cerebellar volume by identifying the areas 5.5% on either side of the midline, the remainder being de®ned as the left or right lateral regions (Fig. 1) . The medial cerebellar volume is therefore a proxy for the vermis volume, but the procedures developed do allow reliable estimates of the medial cerebellum in individuals with major dysmorphologies of the cerebellum. Because the primary goal was to differentiate medial and lateral regions of the cerebellum to assess relations with the neurocognitive measures, this procedure appeared to be appropriate. Fig. 1 shows a segmented control brain.
Results
Perceptual timing
Comparisons of performance on the duration and frequency perception tasks were made using multivariate analysis of variance with group (control, SB lower lesion, SB upper lesion) and task (duration, frequency). Post hoc analyses of signi®cant effects were conducted using Bonferronicorrected pairwise comparisons. Children with SB performed more poorly than controls on the duration perception task [ Fig. 2 ; F(2,122) = 5.92, P < 0.005], although the two groups performed similarly on the frequency perception task. There was no difference in performance between children with SB and upper spinal lesions and those with lower spinal lesions.
Motor timing
Many participants in the SB group were unable to achieve six valid trials with each hand (Fig. 3) . Children with SB and upper spinal lesions completed signi®cantly fewer valid trials than did controls or children with SB and lower spinal lesions [one-way analysis of variance for group by number valid trials: F(2,122) = 6.22, P < 0.003]. Whereas 30 out of 32 control subjects and 54 out of 70 children with lower spinal lesions were able to complete six valid trials, only 10 out of 21 children with upper spinal lesions were able to do so.
Only children with six valid trials with each hand were included in the analyses of clock and motor variance. Because of the reduced sample size, we pooled the data from the two SB groups and made subsequent comparisons between SB and control groups. Compared with controls, children with SB showed signi®cantly greater variability in the clock component of the rhythmic tapping task [ Fig. 4 ; interaction between group and intertap interval variance: F(2,91) = 3.503, P < 0.05]. This difference was due to the larger clock variance in children with SB compared with controls ( Fig. 4 ; Bonferroni-corrected pair-wise comparisons, P < 0.05).
The Wing and Kristofferson (1973) model predicts that adjacent intertap intervals will be negatively correlated, such that longer intertap intervals will be followed by shorter ones. In our sample, the average lag 1 serial covariance across trials was negative in 21 controls and 40 children with SB, and positive in nine controls and 24 children with SB. There were no group differences in lag 1 serial covariance between groups (P > 0.5; mean T SEM, negative lag 1, control = ±0.09 T 0.02, SB = ±0.13 T 0.02; positive lag 1, control = 0.08 T 0.02, SB = 0.11 T 0.02). With the exception of three children with SB, all participants had positive lag 1 covariance on some trials and there were no group differences in average number of trials with a positive lag 1 serial covariance. For those with an overall negative average lag 1, the mean number of trials with a positive lag 1 serial covariance for control and SB groups was 6.8 T 0.6 and 6.5 T 0.6, respectively. For those with an overall positive average lag 1, the number of trials with a positive lag 1 serial covariance for control and SB groups was 15.2 T 0.6 and 13.6 T 0.6, respectively.
The Wing and Kristofferson (1973) model also assumes no reliable correlation between non-adjacent intervals, predicting serial covariance functions for lags greater than 1 to be negligible. In our sample, average lag 2 serial covariance across trials was not signi®cantly different from zero in 18 controls and 36 children with SB. For those with a signi®cant average lag 2 serial covariance, there were no differences between groups (P > 0.5; control = 0.14 T 0.01; SB = 0.15 T 0.01); however, lag 2 was negatively correlated with age (Pearson r = ±0.413, P = 0.008).
No effects of hand preference (preferred writing hand versus non-preferred writing hand) or of hand used (right versus left) were found on performance in the tapping task.
Correlation between perceptual and motor timing
To explore the question of a common mechanism for short duration perceptual and motor timing, we correlated scores on the duration and tapping tasks. Signi®cant Spearman correlations were found between duration perception threshold and unpaced clock variance (r = 0.38, P = 0.02), and duration perception threshold and number of valid tapping trials (r = ±0.44, P = 0.004).
Comparison of cerebellum volumes in SB and control groups
Cerebellar dysmorphology is evident in children with SB. These children, however, vary widely in the magnitude of the dysmorphology (Fig. 5) .
Qualitative coding of the MRI scans con®rmed that the cerebellum was grossly abnormal in children with SB, although not in control children. Of the 89 scans from children with SB, the cerebellum was abnormal in 86 (97%), the vermis was abnormal in 77 (86%), the hemispheres were abnormal in 73 (82%), and some form of Arnold±Chiari malformation was evident in 82 (92%). Except for one rating of an abnormal vermis, none of the cerebellum qualitative measures was abnormal on any of these ratings for control brains.
The cubic volume (cubic centimetres) data from the quantitative analyses of the cerebellum are presented in Table 1 . Statistical analyses con®rmed the reduction of whole cerebellum volume in children with SB. In addition to a oneway analysis of variance comparing the three groups (SB and upper level lesions, SB and lower level lesions, controls) in total cerebellum volume, comparisons were conducted to evaluate the regional distribution of white matter, grey matter, and CSF using repeated-measures multivariate analysis of variance for group, tissue type and region (medial, lateral). Post hoc analyses were made using Bonferronicorrected pairwise comparison procedures.
As shown in Table 1 , measures of total cerebellar volumes were signi®cantly smaller in children with SB and upper lesions relative to those with SB and lower level lesions, both SB groups showing signi®cantly smaller volumes than controls [F(2,65) = 11.7, P < 0.0001]. All pairwise comparisons were signi®cant at the critical level of alpha (P < 0.0167), showing that children with SB and upper level spinal lesions had the smallest volumes, followed by those with SB Fig. 4 Motor and clock variance of the intertap interval in typically developing children (n = 30) and in children with SB (n = 64). *Signi®cant difference between SB and control groups (P < 0.05; see text). and upper level lesions, and then controls. Similar ®ndings were apparent for total grey matter [F(2,65) = 26.65, P < 0.001] and total white matter [F(2,65) = 14.19, P < 0.0001], with all pairwise comparisons signi®cant and in the same direction. For CSF, the analysis of variance was signi®cant [F(2,65) = 11.73, P <0.0001], but the difference between SB children with upper versus lower lesions did not meet the critical level of alpha. Both groups with SB had less CSF than controls.
Measures of cerebellar volume varied by region and tissue type across groups [region Q tissue type Q group interaction: F(4,128) = 22.44, P < 0.0001], demonstrating that the regional distribution of tissue type varied within region across the groups. Within the lateral region of the cerebellum, the group Q tissue interaction was signi®cant [F(4,128) = 15.74, P < 0.0001]. Comparing tissue types within groups showed a signi®cant effect for grey matter [F(2,65) = 36.83, P < 0.0001]. Pairwise comparisons showed that controls had larger grey matter volume than children with SB and lower lesions, who in turn differed from the group with the least grey matter, SB with upper lesions (Table 1 ). The same pattern was apparent for white matter [F(2,65) = 21.16, In the medial region, the group Q tissue interaction was signi®cant [F(4,128) = 9.67, P < 0.0001]. For grey matter, the group effect was not statistically signi®cant [F(2,65) = 2.52, P < 0.09]. A similar pattern was apparent for white matter [F(2,65) = 2.06, P < 0.15]. The group differences occurred largely because of the signi®cantly greater amount of CSF in the cerebellum of the controls relative to both groups with SB [F(2,65) = 24.32, P < 0.0001]. Overall, these results parallel the analysis for total cerebellum volume, showing more CSF in the controls and less grey and white matter in the two groups with SB. The differences in grey and white matter were especially apparent in the lateral cerebellum measure, the group with SB and upper level lesions showing less grey and white matter than either the controls or the group with SB and lower level lesions, and the latter also showing a signi®cant reduction relative to controls. Most important, the interactions show that the cerebellum differences were not simply overall volume reductions, but instead re¯ected a different pattern of organization of grey matter, white matter and CSF in the groups with SB.
Correlation of timing function and cerebellum volumes
To evaluate the relationship between cerebellar dysmorphology and short-duration perceptual and motor timing, we compared performance on the timing and tapping tasks with cerebellar volumetric measures using Pearson correlation coef®cients with partial correlations with age. Correlations were performed separately for SB and control groups to avoid in¯ating correlation coef®cients because of group differences on the timing data. Because of signi®cant skewedness in the motor and clock variance, the data were subjected to a squareroot transformation. Two cases with extreme values (<±2000) were dropped from the analyses because they were substantial outliers.
Perceptual timing was related to cerebellar measures. For controls, duration threshold was negatively correlated with several cerebellar measures (whole cerebellum, r = ±0.58, P < 0.03; lateral cerebellum, r = ±0.61, P < 0.02; cerebellar whole grey matter, r = ±0.70, P < 0.005; and cerebellar lateral grey matter, r = ±0.72, P < 0.005). For the SB group, duration perception threshold was positively correlated with lateral cerebellar CSF volume (r = 0.34, P < 0.05). For neither group were there correlations between frequency threshold and cerebellar volumes.
Motor timing was related to cerebellar measures for the SB group. For neither controls nor SB group were there signi®cant correlations between either clock variance or motor variance and cerebellar volumes. Children with SB showed a signi®cant positive relation between number of valid tapping trials and cerebellar volumes (whole lateral cerebellar volume, r = 0.30, P < 0.06; whole cerebellar grey matter, r = 0.34, P < 0.03; lateral cerebellar grey matter, r = 0.33, P < 0.03). Controls showed no variability in the number of valid tapping trials, so correlations with brain volumes could not be calculated.
There were no correlations between whole brain cerebral volume and any of the perceptual or motor timing measures (P > 0.5). This supports the idea that the relationship between brain dysmorphology and performance is speci®c to the cerebellum, and not a result of a general reduction in brain size.
Discussion
Children with SB show de®cits in perceptual and motor timing, as well as signi®cant volume reductions in the cerebellum. Further, there are relations among the two modalities of timing de®cits, and between timing de®cits and cerebellar volume. The data bear on several issues: the nature of perceptual timing de®cits; the speci®city of motor timing de®cits; the patterns and magnitude of cerebellar volume loss in SB; the relations between timing function and cerebellar volume loss; the relation between perceptual and motor timing and the nature of a possible amodal cerebellar timer; and the more general question of age-based functional plasticity in the cerebellum.
The perceptual timing de®cit is relatively speci®c to timing. It does not represent a generalized auditory discrimination de®cit because the SB group could perform a frequency discrimination task with similar task demands to the duration task.
Children with SB have motor timing de®cits, which may involve impairment in central timing. Children with SB had no dif®culty with paced tapping, so their documented motor problems do not prevent them performing the basic motor timing task (for a discussion of the fact that adult cerebellar contributions to many tasks cannot readily be explained by motor de®cits, see Fiez, 1996) . De®cits in unpaced timing were associated with clock variance rather than with motor implementation. The idea of a central timing de®cit in the control of precisely timed movements is congruent with recent observations that children with SB have elevated rates of ataxic dysarthria that include impaired temporal regulation of speech (HuberOkrainec et al., 2002) . In this context, adult stutterers have poor time estimation skills (Ezrati-Vinacour and Levin, 2001) .
The mathematics of the standard model for decomposition of variance in isochronous motor tapping tasks (Wing and Kristofferson, 1973) require the motor and clock variance to be serially independent, which will not occur whenever there is a drift in tapping tempo. It has recently been proposed that a slow drift process adds a third source of variance, and algorithms have been offered to estimate motor variance, drift variance and drift-free clock variance (Collier and Ogden, 2001) .
The cerebellum is compromised in children with SB from the time of neurogenesis. The Arnold±Chiari II malformation arises from the neural tube defect and a series of interrelated, time-dependent defects in the development of the ventricular system (McLone and Knepper, 1989) . One result is dysgenetic development of the cerebellum in a small posterior fossa (Barkovich, 1995) . Reduced cerebellar size has long been observed in children with SB; for example, Variend and Emery (1973) reported that the weight of the cerebellum in autopsied cases of SB was less than that in controls, regardless of age and (Holter valve) treatment.
The present data provide three new pieces of information about cerebellar compromise in the SB condition. Children with SB who are not mentally retarded have signi®cant reductions in cerebellar volume, which con®rms the older autopsy data and extends it by MRI volumetric in vivo measurements of cerebellar volumes in a large sample. Both grey and white cerebellar volumes are reduced in children with SB, which parallels the observations of both grey and white matter compromises in the cortex of children with this condition (Fletcher et al., 1996) . Compared with controls, children with SB have different patterns of grey matter, white matter and CSF.
To date, neither child nor adult studies of timing have analysed structure±function relations between timing and cerebellar malformations. Asking whether the extent of timing de®cit was related to the extent of cerebellar compromise, we identi®ed structure±function correlations between timing measures and cerebellar volumes. Duration perception, but not frequency perception, was correlated with whole and lateral cerebellar volumes. On the motor timing task, the number of valid tapping trials was related to whole and lateral cerebellar grey matter, a ®nding of interest because the implementation of motor response in the cerebellum involves grey matter and the deep cerebellar nuclei. The relations between timing function and the amount of cerebellar volume might be investigated further by functional neuroimaging studies, especially modalities such as magnetic source imaging.
The consequences of de®cits in short-duration timing and event timing are considerable. Many eye±hand tasks require the constant modulation of motor timing. For example, throwing a ball requires that the opening of the ®ngers to release the ball must occur within a narrow temporal window with respect to the extension of the arm (Hore et al., 1999) . Rhythm perception requires that the listener use the temporal information in rhythmic patterns, and this is impaired in children with SB, who, unlike age peers, do not capitalize on the presence of a strong meter in discriminating rhythms (Hopyan et al., 2003) .
Temporal information must be incorporated into the representation of actions, which probably involves both perceptual and motor timing. It has been proposed that humans have a dedicated temporal processor that regulates motor events and provides a representation for comparing the duration of different perceptual events (Ivry and Richardson, 2002) . Consistent with this proposal, variance measures are correlated over motor tasks that use different effectors (Keele et al., 1985; Franz et al., 1992) . More speci®cally, perceptual and motor timing constitute an integrated internal representation of the target interval (Ivry and Hazeltine, 1995) , a view that is consistent with recent theories (e.g. Rao et al., 2001) that the role of the cerebellum is to generate predictions about the sensory consequences of motor acts, a role that would seem to require an amodal, integrated timing mechanism.
In the literature on adult focal cerebellar lesions, dissociations between perceptual and motor timing have been described. Perceptual and motor timing de®cits are often uncorrelated, although correlations do emerge with parametric variations in the timing tasks (Ivry and Hazeltine, 1995) . In children with SB, perceptual and motor tasks were correlated for the variance speci®cally associated with timing (e.g. duration discrimination and clock variance), but not for the variance associated with other aspects of task performance (e.g. frequency threshold and motor variance). Perceptual and motor timing de®cits may be correlated after major malformations of the cerebellum during embryogenesis; in that event, perceptual and motor timing in children with SB might represent dysfunction in a central, amodal timing mechanism arising from fundamental dysgenesis of cerebellar microarchitecture. To test this idea, it would be of interest to study whether individuals with other neurodevelopmental disorders show more generalized timing de®cits than individuals with adult-onset lesions.
Timing has been studied in some other clinical paediatric conditions. Young adults with attention de®cit hyperactivity disorder (ADHD) show de®cient time estimation for long duration time intervals, such as 15 s and 1 min (Barkley et al., 2001) , regardless of the presence of comorbid conditions. For short-duration timing intervals around 400 ms, the results are mixed. Toplak and colleagues (Toplak et al., 2003) found impairment of short-duration timing in ADHD individuals, especially those with comorbid reading dif®culties. Radonovich and Mostofsky (2004) found a dissociation between normal short duration timing and impaired long duration timing, which suggested that timing de®cits in ADHD represent de®cient utilization of temporal information rather than a more basic impairment in timing. Because ADHD is diagnosed by abnormal behaviour rather than an abnormal brain, differences in results of timing studies may re¯ect differences in diagnostic criteria for the participants, as well as differences in procedures. Individuals with ADHD have dif®culty with long-duration timing, and their poor performances on some short-duration timing tasks may be related to comorbid conditions and represent problems in the cognitive utilization of temporal information. Whether and how any short-duration timing de®cits in ADHD are correlated with individual differences in cerebellar structure and/or function remains to be studied.
The cerebellum has been shown to modulate the temporal contingencies of eyeblink conditioning (Clark et al., 2002) , which requires pairing of a conditioned and an unconditioned stimulus over speci®c brief time intervals. Lesions of the cerebellum disrupt eyeblink conditioning in humans, rabbits, and rodents (Bracha et al., 1997 ; for reviews see Kim and Thompson, 1997; Steinmetz, 2000) . The observed perceptual timing de®cit concerns intervals of 400 ms; it remains to be studied whether children with SB are impaired in functions that require precise temporal contingencies over shortduration ranges, such as eyeblink conditioning (Clark et al., 2002) .
For adults, long-duration timing (in the range of several seconds) and short-duration timing (of subsecond intervals) involve different psychophysical (Gibbon et al., 1997) and pharmacological (Rammsayer, 1999) characteristics. Longand short-duration timing also appear to involve somewhat distinct neural mechanisms (Ivry, 1996) , the cerebellum being functionally engaged only for short-duration timing (Lewis and Miall, 2003a) . It has been suggested that parts of the motor system are involved in the automatic measurement of brief durations, in contrast to longer intervals, which require the¯exible cognitive modules of the anterior cerebral cortex (Lewis and Miall, 2003b) . Adult survivors of childhood cerebellar tumours have de®cits in shortduration (around 400 ms) but not long-duration timing (Hetherington, et al., 2000) .
The involvement of the cerebellum in the neural circuit for short-duration timing appears to exist for both the mature and the immature brain. More broadly, these and other timing data suggest that short-duration timing de®cits are ubiquitous after lesions to the cerebellum at several points in the lifespan. The present data add to the emerging information about developmental disorders of the cerebellum, showing that signi®cant timing de®cits occur after a range of genetic (Mostofsky et al., 2000) and developmental disorders of the cerebellum, such as childhood astrocytomas and medulloblastomas of the posterior fossa (Hetherington et al., 2000) . This is consistent with the idea that the potential for functional plasticity of some core cerebellar operations is severely limited, at best, and is certainly not based on age at lesion onset . Cerebellar lesions, whether originating in embryogenesis, in childhood or in adult life, appear to be associated with poor development of perceptual and motor timing.
